Prosaposin (PS) is a secretory neurotrophic factor, as well as a regulator of lysosomal enzymes. We previously reported the up-regulation of PS and the possibility of its axonal transport by GABAergic interneurons after exocitotoxicity induced by kainic acid (KA), a glutamate analog. In the present study, we performed double immunostaining with PS and three calcium binding protein markers: parvalbumin (PV), calbindin, and calretinin, for the subpopulation of GABAergic interneurons, and clarified that the increased PS around the hippocampal pyramidal neurons after KA injection existed mainly in the axons of PV positive interneurons. Electron microscopy revealed PS containing vesicles in the PV positive axon. Double immunostaining with PS and secretogranin or synapsin suggested that PS is secreted with secretogranin from synapses. Based on the results from in situ hybridization with two alternative splicing forms of PS mRNA, the increase of PS in the interneurons was due to the increase of PS + 0 (mRNA without 9-base insertion) as in the choroid plexus, but not PS + 9 (mRNA with 9-base insertion). These results were similar to those from the choroid plexus, which secretes an intact form PS + 0 to the cerebrospinal fluid. Neurons, especially PV positive GABAergic interneurons, produce and secrete the intact form of PS around hippocampal pyramidal neurons to protect them against KA neurotoxicity.
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Introduction
Secretory neurotrophic factors including brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophin 3 or 4/5 (NT-3 or NT-4/5) promote neuronal survival. Unlike other growth factors, which are secreted via a constitutive pathway, BDNF is sorted into a regulated pathway with sortilin in response to neuronal activity (Lou et al., 2005; Evans et al., 2011) .
Prosaposin (PS), a neurotrophic factor (Sano et al., 1994; Kotani et al., 1996a Kotani et al., , 1996b Tsuboi et al., 1998; Gao et al., 2013a Gao et al., , 2016 , is also secreted by a mechanism for regulated secretion with sortilin (Yuan and Morales, 2011) . Previously, we have reported the ing the hippocampus (Schwob et al., 1980; Nadler and Cuthbertson, 1980; Nadler et al., 1981; Heggli et al., 1981; Lothman and Collins, 1981; Nabeka et al., 2015) . Hippocampal CA3 neurons are selectively vulnerable to KA, due to high levels of KA receptors in this region (Malva et al., 1998) . KA can bind to the AMPA/KA receptors, and activation of its receptor has been shown to elicit a number of cellular events, including the increase in intracellular Ca2+, production of reactive oxygen species, and other biochemical events leading to neuronal cell death (see the review of Wang et al., 2005) . This nature of neuronal degeneration caused by systemic KA injection resembles some forms of ischemia (Coyle, 1987) or epilepsy (Lévesque and Avoli, 2013) . In recent years, neurodegeneration caused by systemic KA injection has been used to investigate mechanisms of the excitotoxic events (Sun and Chen, 1998; Dawson et al., 1995) , and we also used KA to define the mechanisms of neurodegeneration and neuroprotection with PS (Nabeka et al., , 2015 .
Although the PS receptors have been defined as GPR37 and GPR37L1, orphan G protein-coupled receptors (Meyer et al., 2013) , the movement of intrinsic PS in injured, as well as normal, nervous tissue remains unclear. We have shown that intrinsic PS and its mRNA increase in the facial nerve nucleus after nerve transection (Unuma et al., 2005; Chen et al., 2008) and decrease in the brain of mdx mice (Gao et al., 2013b) , indicating its pivotal role in the survival of neurons and muscles.
In the previous study, we have shown the increase of PS immunoreactivity and its mRNA expression in the hippocampal and cortical neurons on day 3 after KA injection, and high PS levels were maintained even after 3 weeks. The increase in PS, but not saposins, suggested that the increase in PS-like immunoreactivity after KA injection was not due to an increase in PS for lysosomal enzymes after neuronal damage, but rather in PS for a neurotrophic factor to improve neuronal survival (Nabeka et al., , 2015 . The same study indicated that inhibitory interneurons as well as stimulated hippocampal pyramidal and cortical neurons synthesize PS for neuronal survival, and the choroid plexus is highly activated to synthesize PS, which may prevent neurons from excitotoxic neuronal damage .
In the present study, we aimed to clarify how PS act as a neurotrophic factor against exocitotoxic stimulation after systemic KA injection, for example which type of interneurons synthesize and transport PS, and whether up-regulated PS is secretion type or intracellular type.
Materials And Methods

Animals
Ten-week-old male Wistar rats (320-350 g, total number = 28) were used in this study. All animals were provided by CLEA-Japan (Kyoto) and housed at a constant temperature (22 • C) under a 12:12-h light: dark cycle and given food and water ad libitum. This study was carried out in strict accordance with the recommendations of the Guidelines of the Animal Care Committee of Ehime University. The protocol was approved by the Animal Care Committee of Ehime University (Permit Number: 05A261) All animal experimentation have been conducted in accordance with the Society's Policies on the Use of Animals and Humans in Research. All surgery was performed under chloral hydrate (10 mg/kg) anesthesia, and all efforts were made to minimize suffering.
Antibodies
Anti-PS IgG (0.1 g/mL) was prepared by Medical and Biological Laboratories (Nakaku, Nagoya, Japan) . From the amino acid sequence of rat PS (M19936; Collard et al., 1988) , a synthetic oligopeptide corresponding to the proteolytic portion of PS (409-PKEPAPPKQPEEPKQSALRAHVPPQK-434), which did not encode saposins, was used to generate a rabbit polyclonal antibody against rat PS. So, this anti-PS IgG reacts with PS but not any of four saposins .
To determine which type of interneurons synthesized and secreted PS, we used immunofluorescence method with the combination of rabbit anti-PS IgG and mouse anti-GAD67 (gulitamic acid decarboxylase 67, 1:500, Millipore, Temecula, CA, USA), mouse anti-PV (parvalbumin, 1:500, Sigma, St. louis, MO, USA), mouse anti-CB, or mouse anti-CR (calbindin, 1:500, calretinin, 1:500, SWANT, Bellinzona, Switzerland) as the primary antibodies (Figs. 1-6 ). As the second antibodies, we used Alexa Fluor 546 goat anti-rabbit IgG (H + L) (1:1000; Invitrogen, CA, USA) or Alexa Fig. 1 . a-d: Crude hippocampal extracts from normal control and from animals 1or 3 days after kainic acid (KA) injection were examined using anti-PS, GAPDH, PV antibodies. When stained with anti-PS (a), the single band observed at ∼ 69 kDa, which likely corresponded to PS, significantly increased in intensity after KA treatment (d). When stained with anti-PV (c), the single band observed at ∼ 12 kDa, which likely corresponded to PV, significantly decreased in intensity after KA treatment (e). The intensities of the protein bands were quantified using the NIH Image software (b, d), and PS and PV protein levels were expressed as % of vehicle (mean ± SD) normalized relative to GAPDH protein level. (*P < 0.05, **P < 0.01).
Fig. 2.
Immunofluorescence light micrographs of the hippocampal CA1 neurons stained with anti-PS IgG, anti-GAD, and DAPI showing the PS-IR 3 days after PBS (a) or 5 mg/kg KA (b) injection. The cell body and axon terminals of GABAergic interneurons in the CA1 region were stained green with an anti-GAD antibody (a, b). The arrows indicate interneurons with slender nuclei and very intense immunoreactivity both of PS and GAD in the cytoplasm. Note that the GAD-PS double positive axon terminals are observed around almost all CA1 neurons after KA injection (b), but only some ones (arrowheads) are observed in the CA1 after PBS injection (a). Nuclei are stained with DAPI (blue), PS is shown red, and GAD is shown green. The numbers on the bar indicate m.
Fluor 488 goat anti-mouse IgG (H + L) (1:1000; Invitrogen, CA, USA) and DAPI.
To detect PS in the PV positive-axon terminals of interneurons, anti-sposin D antiserum was used for immuno-electron microscopy ( Fig. 6 ), because the above-mentioned anti-PS IgG dose not react with PS and only this anti-sposin D antiserum is usable and this antiserum was proven to show specific reaction to PS in the central nervous system (Hosoda et al., 2007) .
To detect axonal transport of PS, we used immunofluorescence method with the combination of Alexa fluor 594 conjugated rabbit anti-PS IgG and FITC conjugated rabbit anti-secretogranin II (Bioss Inc. Mass, USA) (Fig. 7) . Immunofluorescence method with the combination of rabbit anti-PS IgG and mouse anti-synapsin IIa (BD Biosciences, USA) was also used (Fig. 8) .
KA injection
Rats (n = 6 per group) were anesthetized with an intraperitoneal injection of diethylether and clonazepam (0.2 mg/kg) as an anticonvulsant. After 10 min, the rats were anesthetized again with diethylether, and KA dissolved in normal saline was injected subcutaneously (5 mg/kg). After KA injection, the animals were housed at a constant temperature (22 • C), as the effects of KA depend, at least in part, on body temperature . Under these conditions, no animal experienced status epilepticus, even with KA, and no clear damage was observed at the ordinal lightmicroscopic level . Rats younger than 9 weeks that were injected with 5 mg/kg KA sometimes suffered some neuronal damage in the hippocampus, similar to observations in 10-week-old rats when injected with 8 mg/kg KA .
Analysis of PS, GAD, PV, CR, CB after KA injection using Western blot
The rats were anesthetized and injected with clonazepam (0.2 mg/kg), followed by 5 mg/kg KA as mentioned above. Three days after KA or PBS injection, the hippocampi of the rats (n = 6 per group) were dissected and homogenized in ice-cold 50 mM Tris-HCl (pH 6.8) buffer containing 0.1 M glycerol, 50 mM sodium dodecyl sulfate (SDS) and 4% protease inhibitor cocktail (Roche Diagnostics, Minatoku, Tokyo, Japan). The total protein extract was centrifuged at 12,000 × g for 15 min at 4 • C, and the separated pellet was suspended in buffer in an equal volume as that of the supernatant. The solubilized proteins (50 g) were separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 10% polyacrylamide gels and transferred to a polyvinylidene difluoride membrane. The membrane was incubated with 5% BSA in TBS buffer (20 mM Tris-HCl, pH 7.4; 0.15 M NaCl) for 1 h at room temperature and then incubated with anti-saposin D serum (0.05 g/mL) and anti-PS IgG (0.1 g/mL) overnight at 4 • C. The membrane was then washed with TBS-T buffer (20 mM Tris-HCl, pH 7.4, 0.15 M NaCl, 1% Tween 20) and incubated with peroxidase-labeled anti-rabbit IgG (0.6 g/mL; Dako, Glostrup, Denmark) for 1 h at room temperature, followed by treatment with the detection solution for enhanced chemiluminescence (ImmunoStar; Wako, Osaka, Japan). The immunoreactive protein bands were visualized using an LAS-4000 luminescence image analyzer (GE Healthcare Japan, Japan). 
Immunostaining of PS and GAD, PV, CR, CB
Three days after KA or PBS injection, each animal was anesthetized by intraperitoneal injection of chloral hydrate (10 mg/kg) and perfused transcardially, first with 50-mL saline and then with 300-mL 4% paraformaldehyde in 0.1 M phosphate buffer. The brains were removed, cut into small pieces and post-fixed in the same solution for 4 h, and then embedded in paraffin using conventional methods, sectioned and deparaffinized. Following a brief rinse in PBS, the sections were exposed for 2 h to blocking solution containing 5% normal swine serum (NSS), 5% bovine serum albumin (BSA) and 0.25% carrageenan in PBS. The sections were processed for immunofluorescence with anti-PS antibody and anti-GAD, PV, CR, CB as the primary antibody at a 1:1,000 dilution.
After washing with PBS, the sections were treated for 1 h at room temperature with Cy3-conjugated goat anti-rabbit IgG (1:500; Rockland, Gilbertsville, PA, USA) for detection of PS. Some sections were stained with rabbit anti-PS IgG and anti-GAD67 monoclonal antibody for GABA neurons, then treated with Cy3-conjugated goat anti-rabbit IgG (1:500; Rockland, Gilbertsville, PA, USA), Alexa Fluor 488 goat anti-mouse IgG (H + L) (1:1000; Life Technologies, Carlsbad, CA, USA) and DAPI. The sections were then washed with PBS, mounted in Mowiol (Calbiochem, San Diego, CA, USA) and examined using a Nikon A1 confocal microscope (Nikon, Tokyo, Japan) equipped with a 60 × objective lens (Nikon) (Fig. 2-5 ). The relative intensity of PS-IR signals in the hippocampal CA3 region was examined using computer-assisted image analysis as described below (Fig. 5 ).
Immunoelectron microscopy of PS and PV
Using the same anesthesia described above, the animals (n = 2 per group) were perfused transcardially with saline followed by 300 ml of 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer. The tissues were cut into thick sections at 50 m; cryoprotected with 10, 20, and 30% glycerol in phosphate buffer; and quick-frozen in anhydrous ethanol precooled with dry ice. The centrifuge tubes containing the above sections in the 0.5% uranyl acetate solution precooled with dry ice were covered with more than 5 kg of conventional cooling materials in an adiabatic box precooled with dry ice, and the box was kept at −80 • C for 24 h. The box was then moved to a freezer and kept at −30 • C for 24 h. The thick sections were rinsed with anhydrous ethanol three times at −30 • C; immersed in 30, 60, and 100% LR-White at −30 • C for 1 hr, then kept for 1 h at 4 • C, and polymerized at 55 • C for 10 hr. Ultrathin sections were made with a diamond knife and were mounted on nickel grids and incubated in blocking solution containing 5% BSA, 10% NSS, 0.1% Triton X-100, and 0.1% sodium azide in PBS for 2 h. The sections were incubated in the blocking solution containing the rabbit anti-saposin D serum at dilution of 1:50 and the mouse anti-PV IgG at dilution of 1:50 at 4 • C overnight. After three rinses with the blocking solution, the section was incubated in the blocking solution containing two gold-conjugated Fab fragments (15 nm gold anti-rabbit and 5 nm gold anti-mouse) for 3 h. The section was rinsed with PBS, fixed in 1% glutaraldehyde in PBS for 10 min, rinsed with distilled water, double stained with uranyl acetate and lead citrate, and examined under a transmission electron microscope (H800; Hitachi, Tokyo, Japan).
Analysis of PS mRNA after KA injection using in situ hybridization
The probes for hybridization used in this study are listed in Table 1 . The rats were anesthetized and injected with clonazepam (0.2 mg/kg) followed by 5 mg/kg KA as described above. Three days after KA injection, the rats (n = 6 per group) were decapi- 
Probe name
Target Sequence PS-AS1 Pro + 0, Pro + 9 5 -TTCATTACCCTAGACCCACAAGTAGGCGACTTCTGC-3 PS-AS3 Pro + 9 5 -CTTGGGTTGCTGATCCTGCATGTGCATCATCATCTG-3 PS-AS4 Pro + 0 5 -TTCCTTGGGTTGCATGTGCATCATCATCTGGACGGC-3 PS-S1
Complementary to PS-AS1 5 -GCAGAAGTCGCCTACTTGTGGGTCTAGGGTAATAGAA-3 tated, the forebrains were frozen on dry ice and cut into 20-m frontal sections using a cryostat. In situ hybridization to detect PS mRNA was performed as described previously (Unuma et al., 2005; Sato and Tohyama, 1998; Li et al., 2013) . Briefly, Three antisense 36-mer oligonucleotide probes (PS-AS1, PS-AS3 and PS-AS4) and one sense probe (PS-S1) were synthesized (Table 1 ) com- mercially by Operon Biotechnologies (Tokyo, Japan). PS-AS3 and PS-AS4 are complementary to bases 834-869 of NM 001190236 and bases 828-863 of NM 013013, respectively. PS-AS1 is complementary to bases 1704-1739 in the 3 -untranslated region of prosaposin cDNA (M19936) and detects both Pro + 0 mRNA and Pro + 9 mRNA. The sense probe PS-S1, which is complementary to PS-AS1, was used as a control. The specificities of these 36-mer oligonucleotide probes have been demonstrated by dot-blot hybridization in the previous study (Saito et al., 2013) . The frozen sections were fixed in 4% paraformaldehyde in 0.1 M PBS (pH 7.4) for 15 min, rinsed with 4× standard saline citrate (SSC; pH 7.4) and dehydrated using a graded ethanol series. The sections were then hybridized overnight at 41 • C with the 35 S-labeled antisense or sense probe at 1.0 × 10 7 cpm/mL in hybridization buffer (50% formamide, 1% Denhardt's solution, 250 g/mL tRNA, 0.1 g/mL dextran sulfate, 0.12 M PB, 0.02 mM/mL DTT in 4× SSC). After hybridization, the sections were rinsed three times with 1× SSC at 55 • C for 20 min, dehydrated using a graded ethanol series, coated with NBT2 emulsion (Eastman Kodak Company, Rochester, NY, USA) and exposed for 3 weeks at 4 • C. Finally, the sections were developed using a D-19 developer (Eastman Kodak) and observed under a light microscope (Figs. 7 and 8) . The in situ hybridized hippocampal sections were counterstained with methyl green to visualize the nuclei (Fig. 9) . Fig. 6a are shown at higher magnification in Fig. 6b -e. PS-IR gold particles in three pyramidal neurons (PN) were observed in lysosome-like organelles (arrows in Fig. 6c-e) . On the other hand, PS-IR gold particles in the PV-IR axon were observed in the pale vesicles (arrows in Fig. 6b) , not resembling lysosome. PS like immunoreactivity (15 nm gold particles) stained with anti-saposin D antibody was observed in lysosome-like organelles (arrows) in the PV-positive (arrowheads) axon. The dotted lines express the borderlines of the PV-positive axon. Bars: The numbers on the bar indicate m.
Statistical analysis
The relative intensities of immunoreactivity in the immunoblot bands (Fig. 1) or immunohistochemistry (Fig. 5 ) and hybridization signals (Fig. 10) in the hippocampus were blindly examined using computer-assisted image analysis. Briefly, digital images of the immunoblot bands and the central parts of CA1, CA3 and dentate gyrus (DG) were obtained using a Nikon A1 confocal microscope. The images were obtained under the same magnification and voltage in order to stabilize brightness. The average gray value of all pixels in each image (Figs. 1a, c, 5c , f, i, l, o, r, 10a-e) was determined using NIH 1.56 software (public domain software by Dr. Steve Barrett). Then the ratio of the gray values obtained from the image was calculated. The statistical significance of the ratios was examined by one-way analysis of variance (ANOVA) and post hoc Fisher's PLSD tests using the program StatView (Abacus Concepts Inc., Berkeley, CA, USA). Fig. 7 . Double immunofluorescence light micrographs of the CA3 regions of rats 3 days after KA injection stained with anti-PS (red), anti-segretogranin (SG:green) and DAPI (blue). Many dot-like structures around pyramidal neurons were double-stained with PS and SG (yellow arrows). Some small dot-like structures in the neurons were also double-stained with PS and SG (yellow arrowheads) in the neuronal cytoplasm. Small dot-like structures stained only with PS were indicated with red arrowheads mainly in the cytoplasm (Fig. 7b) and those stained only with SG were indicated with green arrowheads (Fig. 7c) . The numbers on the bar indicate m. (Fig. 1) Immunoblotting of the hippocampus using antibody against PS showed only one band at approximately 69 kDa and a clear increase in PS after KA injection (Fig. 1a, b) , but there was no saposin band that was reported in the spleen and other tissues (Sano et al., 1989; Shimokawa et al., 2013) .
Results
Western blotting
Immunoblotting of the hippocampus using antibodies against PV showed a clear decrease after KA injection (Fig. 1c, d ). This decrease in PV indicates the exhaustion of PV after KA injection.
Immunofluorescence staining of PS and GAD (Fig. 2) To clarify which types of cells strongly express PS after KA injection, the colocalization of PS and GAD was examined by double immunostaining of the hippocampus 3 days after KA injection. The intensities of PS and GAD immunoreactivity (IR) in the interneurons increased, and were more intense overall than in the CA1 Pyramidal neurons (Fig. 2a, b) . Besides the cell bodies of interneurons, PS and GAD double-IR axon terminals around pyramidal neurons were observed, and they were more numerous after the injection of KA (Fig. 2b) than PBS (Fig. 2a). 3.2. Change of GAD, PV, CB, CR immunoreactivity after KA injection (Fig. 3) To determine which types of subpopulation of GABAergi neuron strongly express PS after KA injection, the colocalization of PS and GAD, PV, CB or CR was examined by double immunofluorescence staining of the hippocampus 3 days after KA injection (Fig. 3) . The intensity of PS-IR in the PV positive interneuron was the strongest in these GABAergic markers (Fig. 3c) , especially in the PV positive axonal terminals around the pyramidal neurons were extremely strong (Fig. 3d ) compared with CB ( Fig. 3f) and CR (Fig. 3h) .
Change of PS and PV immunoreactivity after KA injection (Figs. 4 and 5)
In low-power micrographs of the hippocampus, the number of PV-positive neurons decreased after KA injection compared with PBS injection (Fig. 4, a and b) . However, the intensity of PS-IR in axons around pyramidal neurons was much higher after KA injection than PBS injection in all areas. In particular, the number of PS and PV double positive axon terminals around the CA1 and CA3 pyramidal neurons was much higher after KA injection (Fig. 4 , f and j) than PBS injection (Fig. 4, d and h ). With the exception of the basal portion of the molecular layer, the number of PS and PV double positive axon terminals around DG granular neurons was low (Fig. 4,  k and l) . The diameter of PS-positive immunofluorescent reactions was 0.3-1.0 m (Fig. 5, c, f, i, and l) .
For morphometrical analysis of the difference in axonal PS-IR between KA and PBS injection, the red fluorescence of PS-IR (Fig. 5b , e, h, k, n, q) was changed to a black-and-white image (Fig. 5c, f, I , l, o, r), and the intensity was analyzed using NIH 1.56 software (public domain software by Dr. Steve Barrett) (Fig. 5s, t, u) . The PS-IR in the axons around the CA1 and CA3 pyramidal neurons were significantly increased after KA injection compared with PBS injection (Fig. 5s, t) , but PS-IR in the axons around the granular neurons in the DG increased moderately (Fig. 5u) . Compared with CA1, a greater increase in PS-IR was observed in CA3 (Figs. 4a-h, 5) . 8. (a, b) I(a, b) Immunofluorescence light micrographs of rat CA3 regions 1 day after KA injection stained with anti-PS, anti-synapsin II, and DAPI. The PS immunostaining (red) is very strong in the strata pyramidale (Pyr) and lucidum (Luc), and synapsin II (green) is distributed in all areas, being particularly strong in the stratum lucidum (a). Many dot-like structures around pyramidal neurons in the strata pyramidale and lucidum were stained by both PS and synapsin II (yellow arrows in b) (c, d) Electron micrographs of the stratum lucidum in the CA3 region with double-labeling of PS-IR (15 nm) with anti-saposin D antibody and PV-IR (5 nm). In these micrographs, no PV-IR was observed. (c) PS-IR gold particles in lysosome-like organelles (arrows) were observed in the apical dendrite (AD) of pyramidal neurons and mossy fibers (MF) with many desomosome-like structures (red arrows), synaptic vesicles, and bundles of microtubules and neurofilaments. (d) PS-IR gold particles densely packed in small lysosome-like structures (arrows) were observed in the mossy terminal (MT) with many desomosome-like structures (red arrows). The numbers on the bar indicate m..
PS immunoreactivity in the PV positive axon terminals with electron microscopy (Figs. 6 and 8)
Electron micrographs of the pyramidal layer of CA3 region stained with anti-saposin D and anti-PV showed that saposin D-IR gold particles in the pyramidal neurons (PN) were localized in lysosome-like organelles (arrows in Fig. 6c -e) as reported before (Hosoda et al., 2007) . On the other hand, saposin D −IR gold particles in the PV-IR axon were observed in the pale vesicles (arrows in Fig. 6b) , not resembling lysosome. The diameter of these saposin D −IR vesicles was about 0.1-0.4 m Fig. 9 . In situ hybridization of the hippocampus showing PS mRNA in the rats 3 days after PBS injection (a, b) or KA injection (c, d, e). PS mRNA expression increased after KA injection compared with PBS injection in all areas. Pro + 0 is more intense than Pro + 9 both in KA and PBS injection. The numbers on the bar indicate m. (Fig. 7 and 8) Double immunofluorescence light micrographs with anti-PS, anti-SG and DAPI showed that many dot-like structures around pyramidal neurons were double-stained with PS and SG (Fig. 7) . Some small dot-like structures double-stained with PS and SG were also observed in the neuronal cytoplasm. Small dot-like structures stained only with PS were observed mainly in the cytoplasm (Fig. 7b) and those single-stained with SG were also observed (Fig. 7c) .
PS immunoreactivity colocarized with segretogranin (SG) or synapsin (SS)
Double immunofluorescence light micrographs of the CA3 regions of the animal 1 day after PBS injection stained with anti-PS, anti-synapsin II and DAPI showed that many dot-like structures around pyramidal neurons were double-stained with PS and synapsin II (Fig. 8) . The immunostaining of PS is strong in the strata pyramidale and lucidum, and that of synapsin II is very strong in stratum lucidum (Fig. 8a) . Many dot-like structures around pyramidal neurons in the strata pyramidale and lucidum were stained both with PS and synapsin II (Fig. 8b) .
Electron micrographs of the stratum lucidum in the CA3 region, in the same section as in Fig. 6 , showed PS-IR gold particles in lysosome-like organelles in the apical dendrites of pyramidal neurons and mossy fibers (Fig. 8c) . PS-IR gold particles densely packed in small lysosome-like structures were observed in the mossy terminal with many desomosome-like structures (Fig. 8d) .
Expression of PS mRNA after KA injection (Figs. 9-11)
In situ hybridization was performed in the adult rat brain with the following probes: PS-AS4 for Pro + 0 mRNA, PS-AS3 for Pro + 9 mRNA, PS-AS1 for both Pro + 0 and Pro + 9 mRNAs and the sense Fig. 10 . Comparison of PS mRNA signals in the hippocampal CA3 and choroid plexus (CP) in rats 3 days after KA or PBS injection. Relative density of AS4 (Pro + 0) PS mRNA, semi-quantified using NIH Image software, with background intensity subtracted, significantly increased both in CA3 and CP after KA injection compared with the PBS-injected control (n = 6); intensities are presented as means ± standard error (S.E.) (*P < 0.05, **P < 0.01). The numbers on the bar indicate m.
probe PS-S1 for the sequence complementary to PS-AS1 (Hosoda et al., 2007; Chen et al., 2008; Xue et al., 2011; Li et al., 2013; Shimokawa et al., 2013; Saito et al., 2014) .
In the PBS-injected control animals, weak hybridization signals of PS-AS3 (Pro + 9) were observed in the neuronal cell layers of hippocampal CA1, CA2, CA3, CA4, DG, choroid plexus and cerebral cortex (Fig. 9a1-6) . Similar hybridization signals of PS-AS4 (Pro + 0) were observed in the neuronal cell layers of hippocampal CA1, CA2, CA3, CA4, DG and cerebral cortex (Fig. 9b1-4, b6) , except for the choroid plexus where strong signals were observed (Fig. 9b5) .
In the KA-injected animals, weak hybridization signals of PS-AS3 (Pro + 9) were similar in all areas of the PBS-injected animals ( Fig. 9c1-6 ). In contrast, strong hybridization signals of PS-AS4 (Pro + 0) were observed in the neuronal cells of all areas (Fig. 9d1-4,  b6) , and very strong signals were observed in the choroid plexus (Fig. 9d5) . The control sections stained with sense oligonucleotide probe (PS-S1) showed only faint hybridization signals in all areas (Fig. 9e1-6 ).
morphometrical analysis of the difference in hybridization signals (Fig. 10) For morphometrical analysis of the difference in hybridization signals between PS-AS3, PS-AS4, PS-S1 after KA or PBS injection, the photomicrographs were taken in the same condition of microscope illumination (Fig. 10a-e) , and their intensities were analyzed using NIH 1.56 software (Fig. 10f) . The hybridization signals of PS-AS4 in the all areas and choroid plexus were significantly increased after KA injection compared with PBS injection (Fig. 10f, g ).
3.7. Expression of PS mRNA observed in the higher magnification after nuclear counterstaining (Fig. 11) The sections of in situ hybridization were counterstained with methyl green to visualize the nuclei as well as the hybridization signals (Fig. 11) . The signals of AS4 were much stronger than those of AS3 in the all areas of the hippocampus, cerebral cortex and choroid plexus (Fig. 11) , especially in the CA3 (Fig. 11d ) and the choroid plexus (Fig. 11l) .
In the higher magnification, the signals of each cell show a wide variety of intensity in the CA3 (Fig. 11c, d ), CA4 (Fig. 11e, f) , and the cerebral cortex (Fig. 11e, f) , but rather even in the CA1 (Fig. 11a,  b) and DG (Fig. 11g, h) . The strong signals in the CA3 region were localized mainly in the pyramidal layer, but some strong signals were observed outside of the pyramidal layer, such as in the strata radiatum and lacunosum-moleculare or the upper portion of the stratum oriens (Fig. 11d) . Based on their localization, size and form of nuclei, these cells appeared to be interneurons and not glial cells. These cells were observed mainly in the CA3 area (Fig. 10c, d) , but a few in the CA1 area (Fig. 11a, b) .
Discussion
In our previous study, we found the increase of PS mRNA level in the rat hippocampus and the choroid plexus after KA-induced brain injury, leading the notion that increased PS may contribute the prevention of apoptosis in the damaged neurons . In fact, a synthetic peptide corresponding to the neurotrophic activity region of PS prevented the KA-induced neurodegeneration (Nabeka et al., 2015) . The increase of PS expression level also has been reported in the CNS after the sciatic nerve injury (Gillen et al., 1995) , the transient forebrain ischemia (Yokota et al., 2001; Hiraiwa et al., 2003) , the cortical stab wound injury (Hiraiwa et al., 2003) , and the facial nerve transection (Chen et al., 2008) . These studies indicate PS plays an important role in the healing process of the injured nervous system. In the present study, the higher increase of PS in CA3 compared with CA1 is most likely because the concentration of KA receptors is highest in CA3 (Malva et al., 1998; Wang et al., 2005) .
Several alternatively spliced mRNAs are found for PS gene (Hiraiwa et al., 2003) . Main two forms of them are the mRNA with or without 9-base insertion (Pro + 9 and Pro + 0 mRNA). Hiraiwa et al. (2003) reported that the expression ratio of Pro + 9 and Pro + 0 mRNA changes from 85:15 to 5:95 in the rat brain after experimental brain ischemia or cortical stab wound injury. Chen et al. (2008) also showed significant increase of Pro + 0 mRNA expression in the facial nerve nucleus after the facial nerve transection. In the present study, significant increase of Pro + 0 mRNA expression also has been observed not only in the pyramidal excitatory neuron but also in the inhibitory interneuron in the rat hippocampus after KA injection. These findings may indicate the transcript of Pro + 0 mRNA assumes the neurotrophic function in the healing process of the injured nervous system.
On the other hand, Pro + 9 mRNA is reportedly expressed preferentially in tissues in which the intact form of PS dominates, whereas Pro + 0 mRNA is preferentially expressed in tissues in which the precursor dominates. Because the choroid plexus is responsible for the generation of cerebrospinal fluid containing the intact form of PS, the increase of Pro + 9 mRNA should be expected. But actually, clear increase in the neurons and choroid plexus after KA injection was Pro + 0 mRNA (Fig. 9d) . Also in the previous study, we suggested that Pro + 0 mRNA is related to the intact form in the choroid plexus, and that the alternatively spliced forms of mRNAs do not simply correspond to the precursor and intact forms of PS (Saito et al., 2013) .
Although the neurotrophic activity region was found in saposin C domain of PS, the alternative splicing occurred in its saposin B domain (Holtschmidt et al., 1991a (Holtschmidt et al., , 1991b . At present it is unclear for the neurotrophic function of the splicing region in injured nervous system. Interestingly, the choroid plexus generates the cerebrospinal fluid containing considerable amount of intact form PS , and expresses Pro + 0 mRNA intensely but Pro + 9 mRNA weakly . In addition, the expression of Pro + 0 mRNA was found to increase in the choroid plexus on KA-induced brain injury in this study. Therefore, there is a possibility that Pro + 0 mRNA expression is convenient for synthesis and secretion of intact form PS in the nervous system. The increase of Pro + 0 mRNA in the inhibitory interneuron after KA injection and PS-containing vesicles in the axon terminals of the interneuron, and the report that the interneuron may promote the survival of the pyramidal neuron by secreting the inhibitory neurotransmitter (Liang et al., 2009 ) lead us notion that PS is also one of the secreting factor from the interneuron around the pyramidal neuron for their survival in the injured hippocampus (Fig. 12) .
In the present study, we also aimed to clarify which interneuron was up-regulated to produce PS and how PS function after systemic KA injection. Freund and Buzsáki (1996) proposed that the term hippocampal "interneuron" should be synonymous with "GABAergic with no principal cell". In the present study, interneurons outside of the pyramidal layer were easily defined, and those inside the pyramidal layer were defined as slender cell bodies and nuclei (Fig. 11d) . Our previous results showed that PS mRNA signals in the interneurons increased abruptly 1 day after KA injection, and those of PS-IR increased after 1 day and peaked 3 days after KA injection . These results indicate that KA injection stimulated the interneurons to produce PS more strongly than the pyramidal neurons.
PV-positive interneurons account for approximately half of the GABAergic neurons in the hippocampus. Axon terminals fields immunoreactive for PV are extremely dense in the cell body layers and proximal stratum oriens. The majority of PV-positive varicosities surround the cell bodies and axon initial segments of principal neurons. This characteristic laminar distribution of PV-positive axon terminal fields overlaps with that of basket and axo-axonic (chandelier) neurons, suggesting that these morphologically identified neuron types selectively contain PV (Freund and Buzsáki, 1996) . In a recent in-vivo study, intracellularly recorded and labeled basket neurons were shown to be immunoreactive for PV but not for CB or CR (Sík et al., 1995) . In the present study, the majority of PV-positive bouton-like structures contain PS-IR (Figs. 4 and 5) .
The increase in PV-IR in the axon seems to contradict with the results in Fig. 1 , which shows a significant reduction in the level of PV protein (Fig. 1, c and e) . However, the number of PV-IR neurons in the hippocampus decreased (Fig. 4, a and b) . This reduction in PVpositive neurons may have caused the reduction of total PV content in the hippocampus. Decreased PV expression was also reported in PV-positive GABAergic interneurons in schizophrenia (Hashimoto et al., 2003; Nakazawa et al., 2012) . PV reduction may be related to some pathological states. A reduction in PV in neuronal cell bodies and an increase in PV in axons may indicate the movement of PV from neuronal bodies to axons in pathological conditions. Liang et al. (2009) reported that the amplitudes of evoked inhibitory postsynaptic currents were increased significantly 12 h after ischemia and then returned to control levels 24 h following reperfusion with voltage clamp recording. They suggested that this transient enhancement of inhibitory neurotransmission might temporarily protect CA1 pyramidal neurons and delay neuronal death after cerebral ischemia. Therefore, transient enhancement of inhibitory neurons might protect pyramidal neurons by inhibitory currents (Fig. 12) . Similarly, PS released from the axonal terminals of interneurons around the pyramidal neurons also might protect the pyramidal neurons (Fig. 12) . Accordingly, the PS-IR in the bouton-like structures around the pyramidal neurons was strongly increased after KA injection (Fig. 5j-l) .
PS mRNA expression in the choroid plexus of normal control animals was strong (Fig. 8b5) , as reported previously . This observation is reinforced by the report that cerebrospinal fluid in normal animals contains a significant amount of PS . Furthermore, 3 days after KA injection, the hybridization signal in the choroid plexus was very strong (Fig. 9d5) . These results indicate that a lot of PS is produced in the choroid plexus and secreted into the cerebrospinal fluid after some direct or indirect KA stimulations to the choroid plexus (Fig. 12 ).
In conclusion, as Fig. 12 indicates, PV-positive inhibitory interneurons are the main neurons helping the pyramidal neurons from the exocitotoxic stimulation of kainic acid or other similar phenomenon caused by ischemia. Pyramidal neurons receive synaptic input, delivering inhibitory neurotransmitter (GABA) and neurotrofic factor (PS) that sustain neuronal survival (Fig. 12) .
Neurotrophins, a family of secretory neurotrophic factors including NGF, BDNF, NT-3, NT-4/5, are famous to promote neuronal survival and differentiation. PS is also identified as a neurotrophins (O'Brien et al.,1994; Sorice et al., 2008) . Neurotrophins, particularly BDNF, could elicit rapid and acute regulation of synaptic transmission and plasticity in the central nervous system (Lou et al., 2005) . BDNF, NT-3 and PS have been reported to rerate with sortilin that controls intracellular sorting of BDNF and PS (Yuan and Morales, 2011) to the regulated secretory pathway. Activity-dependent secretion of BDNF has been reported in many neuronal populations (See Lou et al., 2005) , and its physiological significance has been highlighted by a number of recent studies (Chen et al., 2004; Egan et al., 2003) . Taken together, it is not the infeasible idea that PS is also secreted in an activity-dependent manner especially after kainic acid neurotoxic stimulation.
Although, the mechanism of PS secretion is not clear, a possible mechanism of intracellular Ca 2+ -dependent secretion is suggestive as the BDNF secretion reported in literature. Ca 2+ influx through NMDA receptor/L-type VGCC and subsequent Ca 2+ release of internal stores via ryanodine receptors are required for secretion. CaMKII, PKA, synaptotagmin IV, and CAPS2 also critically contribute to the membrane fusion process of BDNF-containing vesicles (Adachi et al., 2014) . Further experiments about the change of these factors after kainic acid may clarify the mechanism of PS secretion.
Anti-PS IgG used in the present study was prepared to a synthetic oligopeptide corresponding to the proteolytic portion between saposin C and D, and reacts with PS but not with any of four saposins . The major proteolytic pathway of PS has been reported to begin with cleavage of saposin A from PS and progress from B-C-D trisaposin to B-C or C-D disaposins and finally to monosaposin (Qi and Grabowski, 2001 ). Our anti-PS IgG can react with B-C-D trisaposin, or C-D disaposin, but immunoblot analysis showed no band for these proteins (Fig. 1) . Also in the immunoblot of nervous tissues with anti-saposin D or anti-saposin B, the bands of trisaposin or disapsin were not observed but a faint band of saposin D was observed (Hosoda et al., 2007) . These results indicate that PS works mainly with no or a few participation of proteolytic pathway in the nervous tissues.
Electron micrographs of the pyramidal layer of CA3 region stained with anti-saposin D and anti-PV showed PS-IR gold particles in the pale vesicles in the PV-IR axon. These vesicles were pale not resembling lysosome (Fig. 6b) . On the other hand, the vesicles in the pyramidal neurons without PV-IR were dark, resembling ordinal lysosomes (Fig. 6c-e) as shown before (Hosoda et al., 2007) . Unfortunately, as the specific antibody to PS could not react well with PS in the electron microscopy, we used anti-saposin D antibody that reacts both of PS and saposin-D. However, increased PS in PV positive axon-like structures was shown under a light microscope with specific antibodies to PS (Figs. 3-5) . We believe that the gold particles in the pale vesicles in PV-IR axons are PS (Fig. 6b) .
Secretogranins (SG) is a protein stored in secretory granules of endocrine cells (Rosa et al., 1985) and in large dense cored vesicles (LDCV) of neurons and neuroendocrine cells, and SG is thought to participate in the sorting and packaging of peptide hormones and neuropeptides into secretory granules (see Miyazaki et al., 2011) . Miyazaki et al. (2011) showed that strong SG immunoreactivity was seen in PV-positive interneurons and nerve terminals, and suggested its role in the sorting and packaging of molecules other than neuropeptides in non-LDCV compartments. In the present study, SG was observed mainly in the putative axons or axonal terminal of interneurons around the pyramidal neurons in the hippocampal CA3 region (Fig. 7b, c) , and SG thought to participate in the sorting and packaging of PS.
Recently, Meyer et al. (2013) identified GPR37 and GPR37L1, orphan G-protein-coupled receptors, as PS receptors. Following secretion, PS can undergo endocytosis via an interaction with the low-density lipoprotein-related receptor 1 (LRP1). The ability of secreted PS to promote protective effects in the nervous system is known to involve activation of G proteins, and the orphan G protein-coupled receptors GPR37 and GPR37L1 have recently been shown to mediate signaling induced by both PS and a fragment of PS known as prosaptide (see review of Meyer et al. 2014) . Future studies should reveal whether a difference in the two saposin B isoforms of PS affects its affinity to these receptors.
